Introduction
Oxytocin has been shown to affect human social information processing including recognition memory for faces (Guastella et al., 2008b; Herzmann et al., 2012; Rimmele et al., 2009; Savaskan et al., 2008) . Recognition memory consists of two sub-processes: familiarity (i.e., a face feels familiar) and recollection (i.e., a face is remembered with details from the study episode) (Yonelinas, 2002) . In studies with male subjects, oxytocin has been shown to enhance familiarity judgments (Guastella et al., 2008b; Rimmele et al., 2009) but to impair the detailed recollection of faces (Herzmann et al., 2012) . Event-related potentials (ERPs) measure neural correlates for familiarity and recollection processes (Rugg and Curran, 2007) and for perceptual functions. Here we used ERPs together with behavioral measures to identify the neural processes through which oxytocin influences recognition memory for faces. We were particularly interested in whether oxytocin would modulate both memory and perceptual processes or only memory processes. Our study included men and women and tested recognition memory for own-race Psychoneuroendocrinology (2013 Psychoneuroendocrinology ( ) 38, 2140 Psychoneuroendocrinology ( -2151 
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To identify the brain processes of oxytocin's effect on human face memory, we investigated ERPs related to memory encoding, memory retrieval, and perception. The ERP difference due to memory (Dm) is taken to reflect memory encoding. It is measured in the study phase of a memory task (Paller et al., 1987) and obtained by sorting study-phase ERPs according to the participant's memory performance in the subsequent recognition test. Prefrontal, medial-temporal, and parietal areas have been identified as brain regions related to subsequent memory effects in fMRI studies (Spaniol et al., 2009) . The FN400 and parietal old/new effect are ERP correlates of memory retrieval. The FN400 distinguishes hits from correct rejections without being influenced by the recollection of details from the study episode (Curran, 2000) . It is thus taken as a correlate of familiarity processes and likely generated in the prefrontal cortex (Rugg and Curran, 2007) . The parietal old/new effect varies with the amount of recollected information from the study episode (Vilberg et al., 2006; Wilding, 2000) and thus measures recollection processes. It is most likely generated in the parietal cortex (Rugg and Curran, 2007) . We assessed the effects of oxytocin on perceptual processes by measuring the P100, N170, and P200. The P100 correlates with the processing of basic physical characteristics of a stimulus like luminance or contrast (Luck, 2005) . The N170 has been associated with the initial basic-level categorization of a stimulus as a face by activating neural face representations and also the coding of individual face representations (Rossion and Jacques, 2011) . The P200 has been related to more detailed perceptual analyses of faces like the processing of metric distances between facial features (Latinus and Taylor, 2006) . We expected to find effects of oxytocin in the Dm because oxytocin has been suggested to influence memory encoding (Guastella et al., 2008b; Rimmele et al., 2009 ). Oxytocin has also been shown to affect eye movements when looking at faces (Guastella et al., 2008a) and might thus affect perceptual ERPs related to face processing, especially the N170 and P200.
Face recognition research has shown that memory performance depends on the race of a face. This so-called otherrace effect can be seen as better memory for faces from one's own race than for faces from a different race. Recently, studies have indicated that oxytocin affects the processing of own-race and other-race faces differently. A preference for members from subjects' own-group was found in studies investigating the effect of oxytocin on social behavior and moral decision making (De Dreu et al., 2011; Van IJzendoorn and Bakermans-Kranenburg, 2012) . Oxytocin was suggested to facilitate in-group coordination and cooperation (De Dreu, 2012) . Our study included own-race and other-race faces to test the hypothesis that oxytocin would enhance the recognition of own-race faces when studied together with otherrace faces. These enhancements were hypothesized to be associated with effects of oxytocin on perception (N170 and P200) and memory encoding (Dm).
Subjects in our study were young, healthy men and women. The great majority of oxytocin studies included only men and thus excluded half of the human population (MacDonald and MacDonald, 2010; Van IJzendoorn and Bakermans-Kranenburg, 2012) . In contrast to most previous studies, we fully crossed oxytocin/placebo administration with the subjects' sex. One previous oxytocin study on face memory (Savaskan et al., 2008) included men and women but did not find sex differences. That study administered oxytocin after, rather than before the study phase, as is commonly done (Guastella et al., 2008b; Rimmele et al., 2009 ) and done here. This might have prevented Savaskan et al. (2008) from obtaining sex differences. Animal research has shown that oxytocin can affect males and females differently (Carter, 2007) . In addition, human studies that investigated the effect of oxytocin on amygdala reactivity reported sex differences in oxytocin effectiveness (Domes et al., 2007 (Domes et al., , 2010 Zink and Meyer-Lindenberg, 2012) ; therefore, sex differences might emerge in the present study because the amygdala plays a role in processing facial expressions, facial attractiveness, and trustworthiness which have been suggested to affect face memory (Tsukiura, 2012) .
Materials and methods

Subjects
Fifty-two healthy, young, right-handed, non-smoking adults volunteered in this study. Half of the participants were women (aged 18 to 28, M = 22.3, SD = 3.1) and the other half were men (aged 18-29, M = 23.1, SD = 3.4). All participants were Caucasians apart from one African American man (placebo group), one Hispanic woman (oxytocin group), and one African American woman (placebo group). The performance of these three subjects with regard to the other-race effect was not different from the Caucasian participants; and the results did not change when the three subjects were excluded. Furthermore, Gross (2009) found that recognition performance for African American and Hispanic subjects was the same for own-race and Caucasian faces. We therefore decided to leave the three Non-Caucasian subjects in the sample. The literature on the other-race effect uses the standard terms ''own-race'' and ''other-race,'' to conform to this practice and to enhance comprehension of the present paper we refer to the Caucasian faces as ''own-race faces'' even though not all of our subjects were Caucasian.
None of the participants had ever been diagnosed with any neurological, psychiatric, or medical illness or were on any medication, as determined in a self-report interview by an experimenter. Women were not pregnant as determined by a pregnancy test administered before the study. The study was approved by the Institutional Review Board and the Scientific Advisory Research Committee of the University of Colorado and was conducted in accordance with the Declaration of Helsinki. All participants gave written informed consent and were paid for participation.
Design
The experimental design included the between-subject factors oxytocin/placebo (double-blind) and subject sex as well as the within-subject factors of stimulus race (Caucasian, Chinese), memory status of the stimuli (old, new), and emotional expression of the stimuli (happy, neutral).
Thirteen men (mean age 23.6, SD = 3.7, range 19-29) and 13 women (mean age 21.6, SD = 2.7, range 18-28) were randomly selected to receive oxytocin, the other 13 men (mean age 22.5, SD = 3.1, range 18-29) and 13 women (mean age 23.0, SD = 3.3, range 18-28) received placebo. There were no significant age differences across the four groups ( ps > .17). Oxytocin has been shown to affect sexual arousal (Carmichael et al., 1987 (Carmichael et al., , 1994 . Thus, female subjects were run by female experimenters and male subjects by male experimenters to avoid any influence of experimenter sex. Oxytocin might interact with hormonal variations caused by the female menstrual cycle or by birth control pills. Women in the drug and placebo condition did not differ with regard to the time since their last menstrual cycle ( p = .84) or whether or not they used birth control ( p = .13). A total of 54% of the female subjects used birth control. No participant reported any adverse side effects.
Stimuli
320 grayscale Caucasian (i.e., own-race) faces (Color FERET database, Phillips et al., 2000) and 320 grayscale Chinese (i.e., other-race) faces (CAS-PEAL database, Gao et al., 2004) were used as stimuli. Face stimuli were portrait pictures (5.3 cm Â 7.0 cm) that showed hair, necks, and background. Half of the faces had neutral and the other half had smiling facial expressions. Half of the faces were female.
Procedure
The study consisted of one four-hour session, which was conducted between 8 a.m. and 4 p.m. Time of day of testing did not vary significantly across the subject groups (all ps > .10). Participants were instructed to abstain from beverages with caffeine or alcohol 24 h before the study day and to maintain a regular sleep-wake cycle two nights before the study day, with sleep periods between about 11 p.m. and 7 a.m. The study was conducted under close medical supervision provided by the Clinical Translational Research Center at the University of Colorado Boulder. Nurses administered oxytocin or placebo and monitored heart rate and blood pressure throughout the session.
On the study day, participants received 24 IU of oxytocin (Syntocinon Spray; Novartis; three puffs per nostril; each puff with 4 IU of oxytocin) or a placebo (saline nasal spray, three puffs per nostril) intranasally. This dose of oxytocin was chosen because the same dose was used in previous studies of oxytocin's effects on memory (Guastella et al., 2008b; Herzmann et al., 2012; Savaskan et al., 2008; Rimmele et al., 2009) . Forty minutes after administration, when central nervous oxytocin levels reached the plateau of their highest concentration (Born et al., 2002) , participants studied 160 Caucasian and 160 Chinese faces intermixed in 16 blocks. Short breaks were allowed after every 20 faces. In the study phase, each picture was presented for two seconds on a light gray background in the middle of a 17-inch monitor. Participants were told to memorize all stimuli as well as possible and to make attractiveness ratings (1 = very unattractive to 7 = very attractive) without time limit on a computer keyboard to foster memory encoding. The prompt for the attractiveness rating appeared immediately after the stimulus had disappeared to separate memory encoding from attractiveness ratings and keep the presentation time for all items constant. One second after the response, the next stimulus was presented. A fixation cross was shown in the response-tostimulus interval. The study phase lasted about 40 min.
After the study phase, participants completed an unrelated temporal discounting task, which will be reported elsewhere (de la Vega, Chatham, Herzmann, and Munakata, unpublished observations). The recognition test started about 30 min after the end of the study phase (i.e., 110 min after the administration of the nasal spray). All 320 studied items intermixed with 160 new Caucasian and 160 new Chinese faces were tested. Short breaks were allowed after every 20 faces. Each stimulus was presented for 1.5 s. The response options then appeared below the stimulus, and participants were asked, without time limit, to make memory judgments by pressing the corresponding key on a computer keyboard. They were told to judge the items as ''recollected'' when they could remember the presented item together with specific details about learning this item in the study phase (such as a thought that came to mind or something that happened in the room). In the case that they did not recollect a face, they were asked to rate its familiarity. They were told to use ''definitely familiar'' or ''maybe familiar'' if they believed that they had seen the item in the study phase but could not consciously remember anything particular about its appearance or the experience of learning it. ''Maybe unfamiliar'' or ''definitely unfamiliar'' were to be used if they did not recognize the item from the study phase (Woodruff et al., 2006) . Before the beginning of the study phase, participants practiced making recollect/ familiar judgments to verify, as judged by the experimenter, that they fully understood the differences between the meanings of these memory judgments.
Possible oxytocin-related changes in attention (assessed with a computerized Continuous Performance Task, CPT), wakefulness (assessed with the wakefulness scale of an English version of the Multidimensional Mood Questionnaire, MDMQ, Steyer et al., 1997) , and mood (assessed with the Positive and Negative Affect Scale, PANAS, Watson et al., 1988) were tracked over the course of the study session. Measurements were taken right before drug/placebo administration, right before the start of the study phase (40 min after drug/placebo administration), and right before the start of the recognition test phase (110 min after drug/ placebo administration). Participants also completed the Cambridge Face Memory Test (Duchaine and Nakayama, 2006) at the end of the session to measure their general face memory ability.
A self-report questionnaire of the participants' beliefs about whether they had received oxytocin or placebo was completed at the end of the session.
The sequence of tasks and questionnaires, the sequence of trials within tasks, and the assignment of stimuli to old/new conditions was kept constant for all subjects to ensure comparability of task demands.
Performance measurement
''Recollect'' responses were assumed to directly reflect the proportion of trials associated with recollection for both hits and false alarms. However, the raw ''familiar'' condition, comprising memory judgments ''maybe familiar'' and ''definitely familiar,'' cannot be taken as a direct reflection of familiarity because these responses are contingent on nonrecollection. Using the so-called independent rememberknow procedure (IRK, Yonelinas, 2002) , familiarity hits and false alarms were calculated as the probability of responding ''familiar'' to an item provided that the item was not given a ''recollect'' response (i.e., for hit rates and false alarms, respectively, IRK ''familiar'' = ''familiar''/(1-''recollect'')). Discrimination indices of recollection and familiarity were estimated separately as hits minus false alarms using ''recollect'' and IRK ''familiar'' responses. Qualitatively similar results were obtained using d' rather than hits minus false alarms as a discrimination measure, but only hits minus false alarms are reported.
High-confidence correct classifications of distracters (high-confidence correct rejections), incorrect classification of distracters (high-confidence false alarms), and correct classifications of targets (high-confidence ''familiar'' hits) were used as additional measures of face memory. Highconfidence correct rejections were calculated as the proportion of ''definitely new''/(''definitely new'' + ''maybe new'') responses, high-confidence false alarms and high-confidence ''familiar'' responses were calculated as ''definitely familiar''/(''definitely familiar'' + ''maybe familiar'') for new items and targets, respectively.
Event-related potential recording and measurement
The EEG was recorded in the study and recognition test phase with a 128-channel Geodesic Sensor Net TM (HydroCel GSN 128 1.0, Tucker, 1993, Fig. 1 ) connected to an AC-coupled, 128-channel, high-input impedance amplifier (200 MV, Net Amps TM , Electrical Geodesics Inc., Eugene, OR). Amplified analog voltages (0.1-100 Hz bandpass) were digitized at 250 Hz. The recording reference was the vertex channel (Cz). Individual sensors were adjusted until impedances were less than 50 kV.
Epochs of 1100 ms for study-phase items and 1300 ms for test-phase items, each starting 100 ms before stimulus onset, were generated offline from the continuous record. Horizontal and vertical eye movements were corrected using the ocular correction ICA transformation in Brain Vision Analyzer 2.0.1 (Brain Products GmbH, Munich, Germany). Trials with non-ocular artifacts were discarded. ERPs were aligned to a 100-ms baseline before target onset, averaged separately for each channel and condition, digitally low-pass filtered at 40 Hz, and recalculated to average reference. A minimum of 15 trials per condition was ensured for each subject.
Time segments and regions of interest (ROIs) were defined according to visual inspection and previous research (Fig. 1) . Mean amplitudes were computed by averaging the channels within each ROI for each condition and subject. The Dm was divided into three time segments: 250-500 ms, 500-750 ms, and 750-1000 ms. The FN400 was measured between 300 and 500 ms and the parietal old/new effect between 500 and 800 ms and 800 and 1200 ms. ROIs for the FN400 were the frontal-medial and left and right anterior superior channel groups (FM, LAS, and RAS, Fig. 1 ). ROIs for the Dm and the parietal old/new effects were the medial as well as the left and right superior channel groups over frontal, central, and parietal regions (FM, LAS, RAS, CM, LCS, RCS, PM, LPS, and RPS, Fig. 1) .
Perceptual ERP components, the P100, N170, and P200, were identified in the right and left hemispheres on posterior-temporal ROIs (LPI and RPI, Fig. 1 ), where these components were most pronounced across all conditions. Time segments were chosen as follows: for the P100, 100-132 ms in the study and test phases, for the N170, 140-184 ms in the study phase and 144-192 ms in the test phase, and for the P200, 192-272 ms in the study phase and 188-260 ms in the test phase.
Data analysis
Behavioral effects of oxytocin were analyzed in mixed model analyses of variance (ANOVA) with repeated measures on the within-subject factors, stimulus race (Caucasian, Chinese) and emotional expression (neutral, happy) and the betweensubject factors, drug (oxytocin, placebo) and subject sex (female, male). For analyses of control variables, the same ANOVAs were calculated, but the factors of stimulus race and emotional expression were excluded.
For analyses of the ERP measures, the within-subject factor of emotional expression was excluded because too few trials per condition would have resulted from considering this factor. Three additional within-subject factors were instead included: frontal-parietal (anterior to posterior gradient of ROIs), left-right (laterality gradient of ROIs), and memory judgment. The last factor assessed memory effects related to recollection by contrasting ERPs to ''recollected'' vs. ''familiar'' faces and those related to familiarity by contrasting ERPs to ''familiar'' vs. forgotten faces in the study phase and ''familiar'' vs. correctly rejected new items in the recognition test phase, as traditionally done for the analysis of Dm and old/new effects.
To identify relationships between behavioral and ERP measures, multivariate analyses of covariance (MANCOVA) were conducted. In MANCOVAs, performance measures of oxytocin's effect on recognition memory from the recognition test phase were used as independent variables. Performance measures were controlled for individual differences in general face memory by regressing the performance in the CFMTout of the measure from the recognition test phase. The residuals of these regressions were used as individual indicators of oxytocin's effect on face memory. Only performance measures that were found to be influenced by oxytocin were considered in MANCOVAs with ERPs.
Post-tests that followed up on any significant main effect or interaction were Bonferroni-corrected for multiple comparisons. All p-values associated with more than one degree of freedom were corrected according to the Huynh and Feldt (1976) procedure for sphericity violations although we report uncorrected degrees of freedom. 
Results
For behavioral and ERP data, only significant drug effects or interactions are reported. Table 1 shows memory performance for women and men in the oxytocin and placebo groups. The most important behavioral results are highlighted in Fig. 2 . Two main effects of oxytocin showed that the drug increased accurate IRK familiarity hits minus false alarms (oxytocin, M = 0.26, SD = 0.14 vs. placebo, M = 0.18, SD = 0.10), F(1,48) = 7.154, p = .010, and lowered high-confidence false alarms (oxytocin, M = 0.24, SD = 0.16 vs. placebo, M = 0.35, SD = 0.17), F(1,48) = 6.877, p = .012 (Fig. 2) . There was no main effect of drug on recollection, all ps > .11. Oxytocin interacted with subject sex for recollection hits minus false alarms, F(1,48) = 4.384, p = .042, and recollection hits, F(1,48) = 3.978, p = .050 (Fig. 2) . Only in men, oxytocin as compared to placebo impaired recollection judgments measured as lower hits minus false alarms (oxytocin, M = 0.11, SD = 0.07 vs. placebo, M = 0.22, SD = 0.14), F(1,24) = 5.839, p = .024, and lower hit rates (oxytocin, M = 0.14, SD = 0.10 vs. placebo, M = 0.27, SD = 0.18), F(1,24) = 4.989, p = .035. There was no sex Â drug interaction for familiarity, all ps > .17. When tested for women separately, there were no differences in familiarity measures between the oxytocin and placebo, all ps > .27 (Table 1) . For men, there was a difference in familiarity measured as hits minus false alarms between oxytocin (M = 0.28, SD = 0.16) and placebo (M = 0.17, SD = 0.07), F(1,24) = 7.765, p = .010 (Table 1) .
Memory performance
Oxytocin had a stronger effect on faces with happy emotional expression, indicated by a drug Â happy/neutral interaction for IRK familiar false alarms, F(1,48) = 6.194, p = .016. For the oxytocin group a one-way ANOVA contrasting happy and neutral faces showed that fewer IRK familiar false alarms were made for happy faces, F(1,24) = 12.041, p = .002 (happy, M = 0.32, SD = 0.12 vs. neutral, M = 0.36, SD = 0.12). In the placebo group, happy (M = 0.37, SD = 0.13) and neutral (M = 0.36, SD = 0.13) faces did not differ from one another, p = .618.
Oxytocin did not affect memory for own-race and otherrace faces differently when measured across all participants nor did it have an effect when measured for women and men separately. Oxytocin did not differentially affect memory for female and male faces.
ERPs in the study phase
Effects of oxytocin on memory encoding were only found for encoding effects related to familiarity (i.e., subsequently ''familiar'' vs. subsequently forgotten faces) between 750 and 1000 ms (Fig. 3A) . No other Dms in any other time window showed drug effects. No sex Â drug interactions were found. Oxytocin, but not placebo, led to a significant difference between subsequently ''familiar'' and subsequently forgotten faces, F(1,48) = 5.963, p = .018, across all subjects. Post hoc tests are significant for men, F(1,24) = 4.213, p = .050, but not for women, F(1,24) = 1.751, p = .198. The MANCOVA showed that this effect was associated with reduced highconfidence false alarms in the recognition test, F(1,50) = 4.607, p = .037 (Fig. 3C) . Oxytocin-induced familiar-minus-forgotten Dm effects interacted with stimulus race and the frontal-parietal gradient of the ERPs, F(2,96) = 5.425, p = .016 (Fig. 3B ). This familiarity-based encoding interaction arose from the drug Â stimulus race interaction being observed only over parietal regions, F(1,50) = 6.460, p = .014. At parietal areas, a significant encoding effect was only found for own-race faces in the oxytocin group, F(1,25) = 13.039, p = .001. This oxytocininduced, familiarity-related encoding effect for own-race faces over parietal areas was associated with more accurate familiarity judgments (measured as hits minus false alarms) for own-race faces in the subsequent recognition test F(1,50) = 7.180, p = .010 (Fig. 3D) .
Oxytocin did not affect memory encoding related to recollection (i.e., ERPs for subsequently ''recollect'' vs. subsequently ''familiar'' faces), did not cause differences Figure 2 Most important behavioral effects of oxytocin. Top: Main effects of oxytocin show increased IRK familiarity hits minus false alarms and reduced high-confidence false alarms for oxytocin as compared to placebo. Data is averaged across the factors subject sex, stimulus race, and stimulus facial expression. Bottom: sex Â drug interactions show that oxytocin significantly reduced recollection hits minus false alarms and recollection hits for men but not for women. Data is averaged across the factors stimulus race and stimulus facial expression. Figure 3 Effects of oxytocin on ERPs from the study phase. (A) Memory encoding is shown as mean amplitudes at frontal, central, and parietal regions for subsequently ''recollected,'' subsequently ''familiar,'' and subsequently forgotten own-race and other-race faces in the oxytocin and placebo group. For these three regions ERPs are averaged across medial and left and right superior regions of interest. Vertical lines indicate the time window between 750 and 1000 ms where effects of oxytocin were observed. Here, only oxytocin caused a significant memory encoding effect between subsequently ''familiar'' and subsequently forgotten faces. Over parietal areas, this effect was only found for own-race faces (see also panel B for topographical maps). Perceptual ERPs are shown at LPI in memory encoding between men and women, and also did not influence perceptual ERPs (i.e., P100, N170, and P200; see Fig. 3A ) in the study phase.
ERPs in the recognition test phase
Oxytocin affected ERPs in the recognition test phase. In the time window of the FN400 between 300 and 500 ms, only the oxytocin, but not the placebo group, showed old/new effects related to recollection (i.e., difference between ''recollected'' and ''familiar'' faces), F(1,48) = 6.839, p = .012, and familiarity (i.e., difference between ''familiar'' old and correctly rejected new faces), F(2,96) = 4.196, p = .018, the latter interacted with ROI indicating that familiarity-related old/new effects were only significant over frontal-medial regions (Fig. 4) , as is consistent with the typical mid-frontal distribution of FN400 old/new effects (Rugg and Curran, 2007) .
Starting at 500 ms and continuing until 1200 ms, the oxytocin group showed generally higher mean amplitudes than the placebo group across all conditions and all ROIs, Fs(1,48) > 4.6, ps < .037 (best seen at CM in Fig. 4) . The parietal old/new effect, the difference between ''recollected'' and ''familiar'' faces, was not affected by oxytocin.
Between 800 and 1200 ms, old/new effects related to familiarity showed a significant drug Â memory judgment Â -stimulus race interaction, F(1,48) = 5.493, p = .023, which was further qualified by an interaction with subject sex, F(1,48) = 7.044, p = .011. Familiarity-related old/new effects were significant for own-race but not for other-race faces in the placebo group, F(1,25) = 6.620, p = .016. Similarly, women in the oxytocin group showed significant old/ new effects related to familiarity for own-race but not for other-race faces, F(1,12) = 8.919, p = .011. In contrast, men treated with oxytocin showed these familiarity effects only for other-race faces, F(1,12) = 9.568, p = .009.
MANCOVAs did not yield any significant relationships of the observed drug effects in test-phase ERPs with performance in the recognition test.
Oxytocin did not affect perceptual ERPs (i.e., P100, N170, and P200; see Fig. 4 ) in the test phase.
Control variables
None of the included control variables showed any systematic variation with oxytocin administration. No significant differences between the oxytocin and placebo group were found in general memory performance (CFMT, p > .87), attention (accuracies and reaction times of the Continuous Performance Test, ps > .16), wakefulness (wakefulness scale of the MDMQ, p > .24), or mood (positive and negative affect scales of the PANAS, ps > .10). No group differences were found for the frequencies (i.e., how often faces were judged as attractive, neutral, or unattractive) or reaction times of attractiveness ratings to faces in the study phase (all ps > .10) (see Supplementary material Table 1 for descriptive statistics on attractiveness ratings). There were also no interactions of oxytocin/placebo group with stimulus race, stimulus sex, or subject sex for attractiveness ratings. At the end of the study, subjects were unable to identify whether they had received oxytocin or placebo ( p = .08) as indicated by a X 2 test. This marginal group difference showed that the majority of subjects believed they had received placebo (14 of 26 in the oxytocin group, 21 of 26 in the placebo group).
Discussion
This study replicated previous findings. It showed that familiarity judgments to studied faces are more accurate after oxytocin administration (Rimmele et al., 2009 ). Oxytocin enhanced memory performance for faces with happy emotional expression (Guastella et al., 2008b) . And, it impaired recollection from episodic memory in men (Herzmann et al., 2012) . In addition, the present study yielded several novel findings. Oxytocin affected face memory in women and men differently, but it did not influence memory for own-race and other-race faces differently. Neural correlates for the memory-enhancing effect on familiarity were found for memoryrelated but not perceptual ERPs in the study phase and recognition-test phase indicating that oxytocin directly affects memory. The specificity of its effects on memory is further supported by the fact that none of the control variables influenced the effects of oxytocin.
Oxytocin facilitated face memory by making faces in memory more familiar (Rimmele et al., 2009 ) as indicated by more accurate familiarity judgments to previously encountered faces and reduced high-confidence false alarms to new faces (Guastella et al., 2008b; Rimmele et al., 2009; Savaskan et al., 2008) . Table 1 reports that these effects were only significant in men, but go in the same direction for women. In fact, there was no sex Â drug interaction for familiarity measures. It is possible that the results in women may also become significant if the sample size is increased. The old/new discrimination was especially improved for happy faces for which oxytocin reduced false alarms of familiarity judgments. This finding suggests that oxytocin enhances memory of faces with positive facial expressions (Guastella et al., 2008b) .
Oxytocin also impaired memory, but only for men. Replicating the memory-impairing effect of oxytocin on and RPI. No effects of oxytocin were observed for perceptual ERPs. (B) Topographical maps of the ERP difference of subsequently ''familiar'' minus subsequently forgotten items between 750 and 1000 ms showing significant Dms for own-race and other-race faces over frontal and central areas, but a significant Dm over parietal areas only for own-race faces. (C) Scatter plot (regression equation: Y = À0.29X + 0.15, R 2 = .084, p = .037) depicting the negative correlation between high-confidence false alarms, which are controlled for differences in general memory, and the familiarity-related encoding effect (ERP difference wave of subsequently ''familiar'' minus subsequently forgotten items) averaged across own-race and other-race faces and all regions of interest. D) Scatter plot (regression equation: Y = 0.35X + 0.24, R 2 = .126, p = .010) depicting the positive correlation between familiarity judgments measured as hits minus false alarms, which are controlled for differences in general memory, and the familiarity-related encoding effect (ERP difference wave of subsequently ''familiar'' minus subsequently forgotten items) for own-race faces averaged across all parietal regions of interest.
recollection when men were previously tested alone (Herzmann et al., 2012) , this is the first finding of sex differences in oxytocin's effects on memory. In fact, the present results (Table 1) yielded no significant effects of oxytocin on women when tested separately. These sex differences in the effect of oxytocin are not influenced by baseline sex-differences in memory performance as indicated by the similar performance of men and women in the CFMT. Only one previous study (Savaskan et al., 2008) on oxytocin and face memory included men and women, but did not find sex differences. That study administered oxytocin after, rather than before the study phase as done in our study. Thus, in Savaskan et al.'s investigation the highest levels of oxytocin concentration in the brain would have been reached at the beginning of the recognition test phase (Born et al., 2002) . This difference in the procedure suggests that the existence of sex differences might depend on when oxytocin is administered. FMRI studies of face processing (Domes et al., 2007 (Domes et al., , 2010 Zink and MeyerLindenberg, 2012) have shown opposite patterns of amygdala activation in women and men following oxytocin administration and speculated about a possible interaction of oxytocin and gonadal steroid hormones. It is possible that sex Figure 4 Effects of oxytocin on ERPs from the recognition test phase. Shown are mean amplitudes for ''recollected'' old, ''familiar'' old, and correctly rejected new own-race and other-race faces in the oxytocin and placebo group. Vertical lines indicate the time windows for statistical analyses. Only oxytocin led to significant recollection-and familiarity-related old/new effects between 300 and 500 ms. It also caused generally higher mean amplitudes starting at 500 ms (best seen at CM). Perceptual ERPs are shown at LPI and RPI. No effects of oxytocin were observed for perceptual ERPs.
differences in oxytocin's effect on the amygdala influenced recognition memory for faces and contributed to our observed sex effects (Tsukiura, 2012) . Animal research has also shown significant sex differences in oxytocin function that could be expected to influence memory formation and recognition. For example, higher binding of oxytocin receptors in the medial prefrontal cortex have been found in female than male prairie voles (Smeltzer et al., 2006) . In rats, higher binding for female than male rats was observed in the hypothalamus (Uhl-Bronner et al., 2005) . Independent from the mechanism that might have led to the observed sexspecific effects of oxytocin, the present results emphasize the necessity of including both women and men when investigating oxytocin's effects. Studying women and men might also provide clues as to the biological basis of behavioral disorders like depression, autism, and schizophrenia, which have been connected to oxytocin innervation and show sex differences in their occurrence (De Vries, 2008) . Oxytocin affected memory for own-race and other-race faces in the same way. A preference for members from one's own race was found in previous studies that tested the effect of oxytocin on social behavior (De Dreu, 2012; Van IJzendoorn and Bakermans-Kranenburg, 2012) . Specifically, De Dreu, 2012 proposed that oxytocin may influence human behavior in three ways: social categorization processes, evaluative judgments, and self-sacrificial tendencies. Whereas past research has investigated the influence of oxytocin on evaluative judgments and self-sacrificial tendencies (De Dreu, 2012) , the effect on social categorization processes involved in learning and remembering faces from in-group and outgroup members has not yet been tested. The present study makes an important contribution to this aspect by suggesting that oxytocin is unlikely to influence social categorization processes, at least in the context of recognition memory.
Previous experiments on oxytocin and social behavior (De Dreu, 2012; Van IJzendoorn and Bakermans-Kranenburg, 2012 ) used other-race groups which possessed a negative connotation for the tested subjects. For our participants, Chinese faces might not have possessed the same negative associations that either German or Arabic individuals possess for Dutch participants (De Dreu et al., 2011) . This might also explain the absence of race-dependent effects of oxytocin in our behavioral data. It is important to note that the lack of different effects of oxytocin on own-race and other-race faces is not due to an unsuccessful manipulation of race differences in the stimulus material. This is proven by the significant other-race effects in memory performance which show generally poorer memory for Chinese than Caucasian faces (Table 1) .
Two hypotheses have been proposed to explain the otherrace effect in face memory. The perceptual expertise hypothesis holds that people are experts for faces with which they have the highest amount of experience (own-race faces) and perform poorly with faces with which they have very little experience (other-race faces) (Meissner and Brigham, 2001) . The social-cognitive hypothesis postulates that people are able to perform similarly well with all faces but that they do not employ this ability for other-race faces because of social factors like prejudice or motivational disregard towards other-race faces (Hugenberg et al., 2010) . With regard to the expertise hypothesis, the present data suggests that oxytocin influences face memory independent from the base level of performance. This is interesting because one could have expected that faces associated with poorer performance (other-race faces) would profit more from a memory-facilitating drug than faces for which recognition skills are already at ceiling. This finding further suggests that oxytocin's effect on face memory is independent from the task difficulty, opposite to current opinion (Bartz et al., 2011) .
With regard to the social-cognitive hypothesis, our findings suggest that oxytocin does not interact with the social factors postulated to decrease memory for other-race faces. This is striking because oxytocin is assumed to influence social processing (De Dreu, 2012; MacDonald and MacDonald, 2010; Van IJzendoorn and Bakermans-Kranenburg, 2012) . However, one limitation is that Chinese faces might not have led to strong prejudice or motivational disregard for our subjects. Future studies that investigate the effect of oxytocin on memory for a different group of other-race faces will provide valuable information whether or not oxytocin interacts with the social factors that affect memory for other-race faces.
Neural correlates for the familiarity-enhancing effect of oxytocin were found in ERPs of memory encoding and memory retrieval. No effects of oxytocin on perceptual processes were observed. In the context of a recognition memory task, oxytocin did not affect general, low-level, visual processing (P100), the structural encoding of faces (N170), or the detailed encoding of facial features and their relations to each other (P200). It is possible that oxytocin affects face perception in other tasks that depend more heavily on perceptual processes of faces like the identifying the emotional expression of a face (cf. Bartz et al., 2011) .
Oxytocin significantly influenced memory encoding measured by the Dm. Only the oxytocin group showed familiarityrelated Dms, which were associated with lowered high-confidence false alarms (Fig. 3C ) and thus better discrimination of new from old faces. Dm studies of face memory that used the remember/know procedure (Duarte et al., 2004; Voss and Paller, 2009 ) have typically reported no familiarity-related Dm, as was also observed here for our placebo group. The selective existence of a familiarity-related Dm in the present oxytocin group suggests that oxytocin facilitated memory encoding by enhancing brain processes that are associated with subsequently improved familiarity. Prefrontal, medialtemporal, and parietal areas have been identified as brain regions associated with subsequent memory effects in fMRI studies (Spaniol et al., 2009 ). Our results suggest that these brain areas are likely to be affected by oxytocin during memory encoding.
Another ERP-correlate for the familiarity enhancement during memory encoding was found selectively for own-race faces. For these faces, oxytocin led to a widespread Dm that was also present over parietal regions, where familiarityrelated Dms were absent for all other conditions. Brainbehavior relationships showed a correlation of the parietal familiarity Dm with more accurate familiarity judgments in the recognition test (Fig. 3D ). This finding indicates that memory encoding of own-race faces under oxytocin involved a wider network of brain areas which subsequently led to more accurate memory judgments. This result also suggests that memory encoding of own-race and other-race faces is differentially affected by oxytocin but that these differences are not associated with performance differences. It could be speculated that activating more brain areas for own-race faces under oxytocin might indicate that these faces received special attention during memory encoding. This view has some overlap with the hypothesis that oxytocin enhances in-group favoritism and would suggest an influence of oxytocin on social categorization (De Dreu et al., 2011; Van IJzendoorn and Bakermans-Kranenburg, 2012) , even though the increased, oxytocin-induced memory encoding of ownrace faces did not lead to superior performance for own-race than other-race faces in the present study.
Oxytocin affected memory retrieval processes measured as the FN400 over prefrontal areas. During memory retrieval in the recognition-test phase, only the oxytocin group showed an FN400 for ''familiar'' faces. Although the FN400 typically indicates more accurate discrimination of ''familiar'' old from new items (Curran, 2000) , no such brainbehavior correlations were found. This might suggest that oxytocin's effects on the FN400 are not directly related to individual differences in its effects on memory performance. Nevertheless these findings indicate that oxytocin affects prefrontal areas which are involved in generating the FN400 (Rugg and Curran, 2007) .
An influence of oxytocin on familiarity-related old/new effects were also found between 800 and 1200 ms. Significant old/new effects were found for own-race faces in the placebo group and in women of the oxytocin group. Men from the oxytocin group, however, showed these effects for otherrace faces. Again, no brain-behavior relationships were found. This result is difficult to reconcile with the present behavioral data. It might be a possible consequence of large variability in the ERP data when considering sex effects because analyses of sex Â drug interactions decreased the sample size to N = 13, which is on the low side for ERP experiments. These low sample sizes could also be the reason for the lack of observing ERP correlates for oxytocin's memory-impairing effects on recollection in men.
Oxytocin also affected test-phase ERPs in two additional ways. The oxytocin group showed an early onset of recollection-related old/new effects between 300 and 500 ms. Early recollection effects are somewhat unusual but not unprecedented (MacKenzie and Donaldson, 2007) in recognition experiments with faces. The oxytocin group showed also increased mean amplitudes starting at 500 ms. The importance and interpretation of these effects must remain open as they neither correspond with the behavioral data, nor with assumptions about the effects of oxytocin. Furthermore, oxytocin levels will have started to decline and returned to baseline during the recognition test. Future research will show whether or not these effects are observed reliably.
In conclusion, the present findings suggest that oxytocin, when administered before the study phase, leads to more successful memory encoding of subsequently ''familiar'' own-race and other-race faces. This behavioral effect has its neural correlate in the study phase between 750 and 1000 ms after stimulus presentation, where the Dm for familiarity was enhanced in the oxytocin group. During recognition, ''familiar'' faces were more easily discriminated from new faces as reflected in the FN400. This effect is likely a consequence from the facilitated memory encoding because oxytocin levels were highest during the study phase. Importantly, oxytocin did not affect perceptual ERPs in the study or test phase. This suggests that, in the context of a recognition memory task, oxytocin selectively enhances processes of memory but not perception. Contrary to current opinion, oxytocin affected memory performance for ownrace and other-race faces similarly. This finding suggests that oxytocin-induced memory effects are independent from both perceptual training and social cognition which have been suggested to underlie the other-race effect in face memory. Finally, oxytocin led to a memory-impairing effect on recollection, but only in men. These sex differences in oxytocin's effect on face memory require further investigation.
